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A “Higgs” Boson has been Observed

Higgs: Understanding what have we found

Production

Mechanisms Coupling
Constants

Decay Combined

Channels Fit Properties/

Kinematic Quantum

Measurements Numbers
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Run Number: 201289, Event Number: 24151616
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Higgs Production Summary

10°

UNIVERSITY of PENNSYLVANIA

1 1 I 1 1 1
\'s= 8 TeV

3
T
1
-
U
Q)
o)
<

% |
L~ ggF n> H
s

Large QCD Uncertainties
Sensitive to new physics in
the loop

LHC HIGGS XS WG 2012
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300 %00 —100
M, [GeV] VBF
(vector

boson
fusion)

Access to top coupling  Usually tagged w/ W/Z decay Small QCD Uncertainties
to leptons (inc. neutrinos) Distinctive forward jet tags
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nggs Decay Summary @P@Dﬂ

M =125 GeV
m | ] | T | l II | I ] [ | | : i | | g
S pp : Observed:
o . 77 28 WW,ZZ,and")"Y
= : 9
E 1ok g 1 Searches:
5 — 7 5 7
T : : bb, 7T, Z7y,and Lt 4
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102 . - Higgs decays at m«=125GeV
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Y; Z'Y ww - s
21% 9% 6% ¢
-3 [ L1 | I R \ AT 1 3%
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Each decay probes a 2i
1%

different Higgs
(Yukawa) coupling
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H — ~~ Signal
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Selected diphoton sample

° Data 2011+2012
Sig+Bkg Fit (mH=1 26.8 GeV)

--------- Bkg (4th order polynomial)

ATLAS Preliminary
H-yy
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Events - Fitted bkg

Inclusive: All production modes with 7YY final state

Signal strength relative to SM:1.65 + O.24(stat)t8:%§(syst)

ATLAS-CONF-2013-012
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H — ~~ by Production Channel

ATLAS Preliminary

H— vy

VH enriched —

1.9% of Sig

VBF enriched -

3.4% of Sig

ggF enriched —

di-photon selection

One-lepton

W(= )H, Z(= I)H

mis
ET

W(— W)H, Z(— vW)H

® significance

Low-mass two-jet

W(= Ii)H, Z(= Ji)H

l

High-mass two-jet

VBF

<

l

9 th-n—Conversion

ggF

95% of Sig

tight

loose

Diphoton sample divided into
exclusive subsets for different
production mechanisms

80-90% leptonic WH and ZH
remainder ttH

50% hadronic WH and ZH
remainder ggF

54(76)7%VBF for loose(tight)
remainder ggF

75-95% ggF depending on
category

Most categories not very pure in one production mode

ATLAS-CONF-2013-012
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H — ~~ by Production Channel

ATLAS Pr
H— vy

VH enriched —
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ggF enriched —
95% of Sig

Most cat__

Result is yield in each category

Unconv. central
low P,

Unconv central
highp_

Unconv rest
low P,

Unconv rest
high P,

Conv. central
low P,

Conv. central
high P,

Conv. rest
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two-jet
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two-jet

Er"™ significance
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H — ~~ by Production Channel @P@Dﬂ
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ATLAS-CONF-2013-012 9
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H — ~7 Spin
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— JP = 0" (SM) —— Background

— P =2" (100% gg) -~ ¥ =2" (100% qq)

A spin-| resonance cannot
decay to two photons
so spin-1| is excluded

O
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0.15

Photon spins are not
observed

o
—

Entries (normalised to unity)

IIIIII|IIII|IIII|III

Spin-2 with initial state of
gg or qq will have different
decay kinematics

0.05 ATLAS Preliminary .

| Data2012,Vs =8 TeV, |Ldt=20.7fb"

-
-
-
-
-
L
-
-
-
-
-
-
-
-
R
L
L
l
b
T
e,
F.
T
M N

0O 0.1 0.2 03 0.4 0.5 0.6 0.7 08 09

—

|cosO”|

cos 0™ is the angle of photons relative to beam direction
with a correction for the boost of the Y7 system

Selection modified to reduce M~~ — COS 0™ correlation
ATLAS-CONF-2013-029
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H — wv Spin
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S 200 Hoyy - O(SM)pdf —JP =2 (100% gg) pdf | N - P Expected JP_O (SM) ]
E : Nominal analysis ¢ y°=0*(sM)fit ~ ® J°=2"(100% gg) fit | = 10:_ e~ Expected, Jf = 2* B
§ 150_— " 1 Backgroung systematic uncertainty ] \3: 8;— —e— Observe d’ —;
it - = 1 £ e N 1o E
100F——4— | ——— — it e E
s [ —1_| i °t E
50;I:;|—| | - R =
- ! | —e— : | - —
- "ATLAS Preliminary E _4— ATLAS Preliminary e
0 . I = 2012 .
- Data 201ZTLdt 20'}fb Vs =8TeV g 'G?ILdt=2o.7fb“, \s=8TeV _E
T e T o o .. 820 40 60 80 100
|cos6*| fiq (%)
The data are fit for signal and background yields for
spin-0 and spin-2
The ratio of the best fit likelihoods is used as a test
statistic to set limits
Only 8 TeV data are used at this point
Spin-2 produced by gluon fusion is excluded at 99% CL
ATLAS-CONF-2013-029
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H — /7 Production

> -
G 30~ e Data ATLAS Preliminary .
« [ [ Background zz" 770 4] Slgnal +
S 25 [l Background Z+jets, i VBF
S b []Signal (m =125 GeV) VH ’H
20~ 7, Syst.Unc \s=7TeV:|Ldt = 4.6 fb" , L ——
i is=8TeV:|Ldt=20.7 "] Separate VBF an
151 | categories added "
1o~ T ! :
; Irreducible
51 background:
: 4 real leptons
%O 100 120 140

160 [~
m, [GeV]

Main Issue is getting the highest

efficiency without letting this get Z+2 jets
out of control misidentified as

Acceptance: leptons
39% 411,26% 2e21/2u2e ,19% 4e I-

q
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H — ZZ Spin

u*._j 20; B Background 77"
18[
16§——J"=o+
14~ =0
12F
10F
sf-
50
Full kinematics measured = 5 angles :‘_
Decay products sensitive to Z spins  gbws=

Two analysis methods:

*BDT with MC for input

*MELA = an analytic probability
based on field theory matrix element

8221II.I|IDII‘ItIIIIIIlIIIIIIIIIIlIIIIIIIIIlIllll.lIIII:
= 7k ata ., ATLASPreliminary]

()
- I Background Z+jets, tt H—ZZ —4l
Signal (mH =125 GeV)

Illllll

\s=7TeV |Ldt=4.6fb""
\'s =8 TeV |Lgt =20.7 fo™*
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0 010203040506 0.7080.9

J°-MELA Discriminant
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0, I excluded at 97.8% CL
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Mass from H — vy and H — ZZ4 Penn
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= 1290 ATLAS Prafmina Some tension between VY and 7/
R A ey mass determinations
- ema Main systematics on 7Y mass
ot _E%;ZE‘L P Photon energy scale
126;— " g ( fr Om Z % ee d a t a)
125 Material modeling
A (validated with Y conversions)
: Main systematics on ZZ mass
“F T Electron energy scale
e A Muon momentum scale

122 123 124 125 126 127 128 129

el (both validated with J/v data)

Mass combined including systematic correlations
my = 125.5 + 0.2 (stat) 702 (sys) GeV

Many detailed cross-checks have been performed
Consistency is at the 2.5 sigma level
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H — WW Overview
High yield channel

99— H— WW — I'Ivw

7-TeV Cross-sections

Cross-section x BR [pb]

10-2:— gg% H%YY

10° o
/99— H— ZZ — 'l Tl ]
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II ]
110 120 130 140 150 160 170 180 190 200

Higgs Mass [GeV]

The problem is that we can only
work with the leptonic W decay
which has a neutrino in it

o "
W — (v is a spin analyzer because of &~ Q " M
the parity violation in the W decay W e A

V

O -
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H — WW:Even finding WW is hard
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O ook ATLAS Preliminary oW = wzzzw, 3
g F \s=8TeV, [ Lat=207"  CJu  EJShdeTop ©
o 1 05 = Bl Z+jets [[] WHets o
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> 10" o
= T

lIII,I,II IIIII,I_I‘ IIIIII,IJ IIIII|,||| IIIII|,|,|,| IIIII|_|,|,| IIII|_|,|,|1]

o -'I"fl‘lr

250
ETre; [GeV]

HCP result only used ey events

100

Moriond results add the same
flavor (ee/pupt) using two new
variables

* Track-based missing momentum
*Low energy hadronic recoil —>
from calorimeter

Entries normalised to 1

I I I 1 I 1 1 I 1 | I 1 I I I 1 I 1 I | I 1 1 I E
6 HI —9- Data %~ SM(sys @ stat) ]
100 ATLAS Preliminary o' = wozw, =
105 Vs=8TeV, JLat-207f" [  EDSngeTop 7
B Z+jets [ ] WHjets E
10 Howw' —>evev/uvuv + 0/1 jets [] H[125GeV] EZ
10° ;
10° ?
10 . -é
1 7]
10
1 0-2 1 1 L 1 I 1 1 1 | 1 l 1 L
0 50 100 150 200 250
Pr [GeV]
BEBEEREEE SRR DL DL LA LU B DL B
ATLAS Preliminary —5— Z+jets i
| \s=8 TQV simulation —&— diboson, top and W+jets |
HoWW' )—>evev/uvuv +0jets —e— H[125GeV]
16 —]
=6- .
- _
10" - E
- e = .
- P e §
- — _— _D_ —
- ::__ _A_:::_._ —D—_D_ —
- o Nag o _
e i) MU EU I P AT N
0O 01 0 2 0 3 O 4 0. 5 O 6 0 7 O 8 0.9

f

recoil
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H — WW Improvements @P@Dﬂ
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> o e L L
G 800E ATLAS Preliminary & owe = 500 —
2 700 \s=8TeV,det=2o.7 fb! ]+ [] Single Top =
~ - *) I Z+jets [] W+jets -
f’E’ 600F- H-WW' '—evuv/uvev + 0 jets B H[125GeV]
> - -
L 500F- =
400 =
300F- =
200 =
100 =
0= sS -
| 50 00 150 200 250
Si | = } m, [Ge\ﬁ
ir:gtlljonbci)r\:; New Control  Old control r‘"egion not
Region optimized for 125 GeV Higgs
Many improvements in Moriond result
Inclusion of same-flavor Update of VBF category
Better control regions Reanalysis of 201 | data

Better signal categorization
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H — WIW Result Plots @P@Dﬂ
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> : I I I I I I 1 I I I I I I 1 I I I 1 I I | 1 1 T T : > 9 | I I 1 I | I 1 1 I I I I I I 1 I I 1 | 1 1 1 T _]
o - . & Data 44 SM (sys @ stat) | 0] = T -
O 300r ATLAS Preliminary g mwozzw, O g ATLAS Preliminary -
2 [ \s=8TeV,[Ldt=207f' [  [JSngeTop 3 m - s=8TeV,[Ldt=20.7fo" 3
~ N *) Bl Z+jets [] WHiets _ ~~ V4= *) ]
% 250— H->WW '—evuv/uvev + 0 jets BB H[125GeV] fg - H-WW' '—evuv/uvev += 2| 1
- - B —o—o— —
g n ] q>) - - Data %% SM (sys @ stat)
W 2001 = - 5E W ww [ wzzzwy ]
. ] - [ [ SingleTop -
‘_ ] 4F P [ Z+jets [ ] W+jets =
150 _ N m 7, B goF [] VBF ]
: : of W27 3 3
>0 E 1 =
0750 100 150 200 250 300 0%50 100 150 200 250 300
. . my [GeV] m; [GeV]
Mt is an estimate of B0
th e I I n n m aSS 8 E ATLAS Prellmlnary _+_ Bkg. subtracted Data
9 150‘_ \s=7TeV,f Ldt = 4.6 fb™ H [125 GeV]
£ - \s=8TeV,| Ldt=20.7 fb"
o H->WW" SIviv + 0/1 jets
w100

Analysis bins:
*0-jet (ggF), |-jet(ggF), 2-jet(VBF) -
*Same-flavor, opposite-flavor
e2011,2012 :

lllllllllllllllllllT

IIlIlIIIIIII

+

1 I L1l l L1l l L1 1l I L1l I L1 1l I 1 I_+_l L1l I 11 1 I L1 1 I 11 I:
60 80 100 120 140 160 180 200 220 240 260
my [GeV]
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H — WW VBF event PGI]II
ATLAS Run 214680, Event 271333760

A EXPERIMENT

UNIVERSITY of PENNSYLVANIA

17 Nov 2012 ©7:42:05 CET
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H — WW Spin @P@Dﬂ
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Dlscrlmlnatlng variables: spln -2 looks more like background
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= - . - £ B . ‘
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0 0.5 1 1.5 2 2.5 3 20 40 60 80 100 120 140 160 180 200
Aq)(ll)[rad] m“ [GeV]
c SR B B L L L L BRI R R RERES c LN e B 2
'('% 07; ATLAS Prellmlnary D diboson I:l Z+jets . § 03:_ ATLAS Preliminary D diboson D Z+jets E
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H—-WW Spln

UNIVERSITY of PENNSYLVANIA

c 04T T T - M7
2 £ — backgrounds . S b ATLAS Preliminary —— 5o subracesbaa -
.(_% 035;va.</-\l;vf_s>::it:vlrjiz —:o*l[:gzs] d — H27125] ] 2d b|nned 'F ‘% 1225_ \s=8TeV,[ Ldt=20.7fb" [_] Ho'[i2s) E
E 0.3 . BDTO i 805 HoWW' Ssevuv/uvev + 0 jets
) = . . =
2 0050 E VS «Fit with Spin-0 :
© ] -
£ 02 E BDT2 s0f :
< - . 20F- + =
0.15 - ks .
0.1 | ‘} ++ﬂ + L
' — -20F + -
0'03_ - :I:_:I f_ L e PR T B T R
0.8 -0.6 -0.4 -0.2 406 08 BDT,
BD'I”separatlngnon;i-ngs So, L e e
2 120f ATLAS Preliminary —4— s sirsceaosa -
from SP|n -0 g 100:_ \s=8TeV,| Ldt=207f" [ | H2'[12s] E
S N L TeStStatIStIC EH—)WW(')—>evuv/pvev+0jets
£ 045 ATLAS Preliminary — acirouc: E 80} -
% 0.35;—H—>WW(*)—>evuv+uvev+0jet —HoT25] —H225 3 III(eIIhOOd 60;— . —
S 0.3F E : : 405 Fit with l%-' -
z ratio of spin-0 .- W :
5025:_ = . 0 ‘#+ ‘|L | — T i ® ]
s 02 - over spin-2 ! 8! ++ —
< - -20F —
015:_ ] _40_111111;+I Lo b Lo by v by g Ly vy
- _ - 1708 06 -04 -02 0 02 04 06 08 1
0.1F = BDT,
0.05F 1 1 Exclusion of 2+ varies from 99% for
e i AT TN Lo b by g [
o ~ o o .
BD OS%BS,%‘{.%% honh-Higgs %sor,  100% qq to 95% for 100% gg production
from spin-|
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Spin Combination
Spin results from WW, ZZ, and /") combined

:_ATLAS Preliminary

L H— ZZ" - 4l

" \s=7TeV: [Ldt=461fb"
| \s=8TeV: [Ldt=20.7 fo’'
L H— vy

" \s=8TeV: [Ldt=20.7fb"

—H — WW* — evuv/uvev
| (s=8TeV: [Ldt=20.7 fo’!

® Data

Signal hypothesis . o

P _ n*
°JH0_0
oJﬁ1=2+

w»
j=3
-
<

-

| | 11 L1 I L1 1

f 2 [%]

& Penn
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_r\104§||||||||||| 3

CTIJ 35 ATLAS Preliminary :

o 10 = Ho 725 4 E

et "~ \s=7TeViLdt=46fb" -

CI) 10° 3 :s= 8TeV:}Ldt = 20.7 b’ ® Data E

10 | Hovy . . CLexpected ]

E \'s =8 TeV{Ldt=20.7 fb (assuming JP=O+)§

[ H—> WW’— evuv/uvev ]

1 = \s=8TeV{Ldt=20.7 fi' E

107"k ..
10
10°
10
10°
0-6

0 25 50 75 100
(o)
fo (%]

Jp=2" excluded at 99.9% CL independent offqg
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H — 77 Search @PGDD

Large Backgrounds
Problem is tau decays *Multijet QCD

involve neutrinos o/ S TT

oT — (VU Two viable signal

o7 — hv where his regiOns; ]
some number of pions g & Boosted ggF }
. ‘> ...... H < Boosted Higgs

T

jet

Make best estimate using L W2 T
measured constrains of tau mass ° \

. q

and measured missing momentum
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H — 77 Search

Analysis divided by (tau decay) x

*|epton-lepton
*|epton-hadron
*hadron-hadron

& Penn

UNIVERSITY 0f PENNSYLVANIA

(VBF, ggF, Boosted ggF):

Two of the most sensitive categories

Boosted ggF VBF
> L > 22 lllllllllllll [T T T T [T T T T[T T T T3
(CB 1200L l”had + €T} .4 Boosted ] 8 : UTp g + EThag H+2- Jet VBF
< i —e— Data = 201 —¢— Data E
~ 1000L —— 5x H(125)>1t = 18F —— H(125)>11 =
2 - B Z-1t (OS-SS) 2 460 e 2o E
g; B B Others (OS-SS) ] o) : B Others ]
w800 I Same Sign Data — o 14F I Fake t —
: 7777 Bkg. uncert. - 1o 77 Bkg. uncert. E
8005 |Lat=130m" fof [Lat-130m" -
i s=28TeV i s \s=8TeV E
400 ATLAS Preliminary — 65 ATLAS Preliminary -
200} :
O_ 0: . ]
50 100 150 200 0 50 100 150 200 250 300
MMC mass m_, [GeV] MMC mass m_, [GeV]

Not updated since HCP (Nov 2012)
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H — bb Search @PGDD
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Extremely difficult because g 5t f\LrLASPImy =
*b-jets are common : 5 otoonzan £ 2moer =w :
*jet resolutions are not so great @ o =S
ejet distributions hard to model F i sy o E
Abandon gluon fusion (ggF) 7 :
and focus on VH production 5 v
'V=W%€V,Z%€£ ,Z%VV 0O 0 60 80 100 120 140

o
Gl
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*Focus on high P1V systems Highest /B categories

eUse lower PTV to control 0
background modeling

E sE ATLAS Prefiminary | mman
Analysis very complex R P Sh
oSignal regions sliced based on & §§: e . EW :
0, |, or 2 leptons, and based osE ol T By o S
on PtV fgi :
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H — bb Search @P@Dﬂ
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Even find the B B
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Now 4.0 sigma signal for
WZ+/Z/Z with one Z — bb
WAZ+ZZ (to bb) is ~5
times the Higigs signal
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H — pp Search @PGDD
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If it is really the Higgs it couples to mass,
so H — pp should be very small
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Predicted signal is under a sea of Drell-Yan
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H — Z~ Search

Another loop induced coupling
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Reconstructed in the
H — Z~ — {7~ channel
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Observed limit is| 8.2xSM
with |3.5xSM expected
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Grand Combination
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We combine all the inputs just discussed into global likelihood fit

. . | | o | | |
*includes correlations ATLAS Preliminary M= 1255 Ge
of systematics W,Z H — bb §
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Elliot Lipeles UNIVERSITY 0f PENNSYLVANIA BNL Forum 2013 28



Evidence of VBF production
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3.lo evidence of VBF production
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L E
Coupling Interpretation Penn

Several different models depending on assumptions:
*New particles in loops?
*BSM contributions to total width

(invisible decays, other decays to BSM)?

Both'combined ink~,, '
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Coupling Interpretation

Only decays to > R A AR RS R AR R AR

. oo ATLAS Preliminary + SM =

SM P&FthleS RECE 7TeV. [Ldt = 4.6-4.8fo" x Best fit .

— i - \s=8TeV, |Ldt=13-20.7 fb" —68/°C|- -

Kg — 108 T 014 1.8 I - 95% CL =
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BRinvisible or non-sM < 0.6 at 95% CL
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Higgs to Invisible @PGIHI

We have also searched directly for Higgs to invisible...
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q
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BRinvisible < 0.65 (observed)

SM source of Z recoiling at 95% CL, (0.84 expected)
against nothing
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Higgs to Invisible Interpretation @PGI]D

from arXiv:1109.4398v| [hep-ph]

Implications for -

dark matter
searches if DM to
nucleon couplings
is entirely Higgs

:

10739}

CoGeNT
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WIMP—nucleon cross section oy [cm?]
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W

Spin—independent

Based on expected 10-46L -~ : ,
10 10 10 10

sensitivity (BRinn<0.75) WIMP mass , [GeV]
very close to observed
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Summary

There is definitely something there that
strongly resembles the SM Higgs
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- I l l | I | |
Spin: ATLAS Preliminary m, - 1255 GeV
evarious combinations of WZH obb f
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H— 1t .
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on vectors, fermions just A {tg: Lo -
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thresholds , ,
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